Automated Edman degradation was used to obtain N-terminal and internal amino acid sequences from a 26-kDa protein in isolated Treponema pallidum outer membranes (OMs). The resulting sequences enabled us to PCR amplify from T. pallidum DNA a 275-bp fragment of the corresponding gene. The complete nucleotide sequence of the gene was determined from fragments amplified by long-distance PCR. Primer extension verified the assigned translational start of the open reading frame (ORF) and putative upstream promoter elements. The ORF encoded a highly basic (pI 9.6) 26-kDa protein which contained an N-terminal 25-aminoacid leader peptide terminated by a signal peptidase I cleavage site. The mature protein contained seven tandemly spaced copies (as well as an eighth incomplete copy) of a leucine-rich repeat (LRR), a motif previously identified in a number of prokaryotic and eukaryotic proteins. Accordingly, the polypeptide was designated T. pallidum leucine-rich repeat protein (TpLRR). Although Triton X-114 phase partitioning showed that TpLRR was hydrophilic, cell localization studies showed that most of the antigen was associated with the peptidoglycan-cytoplasmic membrane complex rather than being freely soluble in the periplasmic space. Immunoblot studies showed that syphilis patients develop a weak antibody response to the antigen. Lastly, the lrr T. pallidum gene was mapped to a 60-kb SfiI-SpeI fragment of the T. pallidum chromosome which also contains the rrnA and flaA genes. The function(s) of TpLRR is currently unknown; however, protein-protein and/or protein-lipid interactions mediated by its LRR motifs may facilitate interactions between components of the T. pallidum cell envelope.
Syphilis is a sexually transmitted, multistage infection caused by the noncultivatable spirochetal pathogen Treponema pallidum (26) . Like all spirochetes, T. pallidum is a highly motile bacterium in which an outer membrane (OM) surrounds the periplasmic space, peptidoglycan (PG)-cytoplasmic membrane (CM) complex, and protoplasmic cylinder (PC); within the periplasmic space are endoflagella, the organelles of motility (19) . Compared with conventional gram-negative bacteria, we know comparatively little about the structure and composition of the T. pallidum cell envelope and how its diverse components promote survival of the syphilis spirochete in the demanding milieu of the mammalian host. Studies from a number of laboratories have provided compelling evidence that OMs of T. pallidum and gram-negative bacteria differ markedly with respect to physical properties, composition, and molecular architecture (6, 29, 32, 34, 42) . While the paucity of surfaceexposed proteins appears to explain, at least in part, how this extracellular pathogen so successfully evades host immune responses during persistent infection, it also raises intriguing and fundamental questions regarding the mechanisms by which the bacterium acquires nutrients from its environment (32) . In contrast to the protein-deficient OM, the vast majority of T. pallidum cell envelope constituents appear to be associated with the PG-CM complex (11, 29, 32, 34) . Consistent with this notion are the following findings: (i) the markedly greater density of intramembranous particles in freeze-fractured T. pallidum CMs when compared to that in OMs (6, 29, 34) ; (ii) studies showing that the major treponemal immunogens are lipoproteins anchored by N-terminal lipids predominantly, if not exclusively, to the CM (11, 12, 32) ; (iii) the findings that both treponemal penicillin-binding proteins and TpN50 (16) , an OmpA homolog with C-terminal peptidoglycan binding motifs (13) , are PG-CM associated (11, 33) ; and, most recently, (iv) reports that T. pallidum expresses ABC transporters highly similar to those found in gram-negative bacterial CMs (3, 17, 30) . Interestingly, freely soluble periplasmic proteins have not been identified in T. pallidum (29) .
A major goal of contemporary syphilis research is to elucidate the complex interactions between T. pallidum cell envelope constituents and their relationship to treponemal physiology, syphilis pathogenesis, and syphilis vaccine development. The recent development of improved methodologies for fractionation of T. pallidum and localization of treponemal proteins has furthered efforts to achieve this objective (5, 11, 35) . In this report, we used a relatively simple plasmolysis-based procedure for fractionation of T. pallidum (35) as the starting point for molecular characterization and cellular localization of a novel 26-kDa protein identified in isolated OMs. A particularly interesting feature of this low-abundance protein is that it contains seven tandemly spaced copies of a motif which matches the consensus for the leucine-rich repeat (LRR). This amphipathic motif is believed to mediate protein-protein and/or protein-lipid interactions in polypeptides with diverse cellular functions and locations (23) . In prokaryotes, the LRR motif has been identified previously in membrane proteins of gram-positive bacteria (e.g., Listeria monocytogenes internalins) as well as secretory proteins of gram-negative bacteria (e.g., Shigella flexneri IpaH and Yersinia pestis YopM) (23) with pathogenesis-related functions. Although the function of the T. pallidum LRR protein (TpLRR) remains to be determined, protein-protein and/or protein-lipid interactions mediated by its LRRs may facilitate interactions between components of the treponemal cell envelope.
MATERIALS AND METHODS
Bacterial strains and plasmids. T. pallidum subsp. pallidum (Nichols) was propagated by intratesticular inoculation of New Zealand White rabbits and harvested from testes at room temperature in an enriched medium capable of sustaining spirochetal viability during overnight incubation (39) . Escherichia coli XL-2 (Stratagene, La Jolla, Calif.), SOLR (Stratagene), and INV␣FЈ (Invitrogen, San Diego, Calif.) were used for all cloning experiments and cultivated in LB with or without 100 g of ampicillin per ml. PCR products were cloned into the plasmid vectors pCR 2.1 (Invitrogen) or pMAL-c2 (New England Biolabs, Beverly, Mass.).
Isolation of T. pallidum OMs and protein microsequence analysis. T. pallidum OMs were isolated as described previously (35) . Amino acid sequence analysis of TpLRR was performed in the U.T. Southwestern Medical Center Protein Chemistry Core Facility. Polypeptides in OMs from 4 ϫ 10 11 treponemes were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; as described below), transferred to a polyvinylidene difluoride membrane, and stained with Ponceau S. The appropriate band was excised for amino acid microsequencing by automated Edman degradation (27) . The internal amino acid sequence was obtained following trypsin digestion of the protein and separation of the resultant peptides by high-performance liquid chromatography.
Library construction. A T. pallidum genomic library was constructed in Lambda Zap II (Stratagene) as described previously (41) .
Nucleotide sequence analysis of lrr T. pallidum . Degenerate primers LRR-5ЈNT and LRR-3ЈIN (Table 1) , corresponding to sequences obtained from the TpLRR N terminus and an internal trypsin digestion product, respectively, were used to PCR amplify a 275-bp fragment of the lrr T. pallidum gene from T. pallidum chromosomal DNA. This fragment was cloned into the vector pCR 2.1 and sequenced on an Applied Biosystems Inc. (Foster City, Calif.) model 373A automated DNA sequencer by use of the PRISM ready reaction DyeDeoxy Terminator cycle sequencing kit (Perkin-Elmer, Foster City, Calif.). The 275-bp fragment was used as a probe to screen a T. pallidum Lambda Zap II genomic library; DNA from one hybridizing plaque was purified with the Wizard DNA Purification System (Promega, Madison, Wis.). With the purified Lambda Zap II clone DNA as a template, primers LRR-5Ј1 and LRR-3Ј-1 (Table 1) were used with primers specific for the T7 or T3 promoters of the vector, respectively, to amplify (GeneAmp; Perkin-Elmer, Branchburg, N.J.) the regions flanking the 275-bp fragment. Both strands of the two long-distance PCR products were then directly sequenced by use of the primers shown in Table 1 .
Computer analysis. Nucleotide and deduced amino acid sequences were analyzed by use of MACVECTOR sequence analysis package version 4.1.1 (International Biotechnologies Inc.-Kodak) or the University of Wisconsin Genetics Computer Group version 8.0 (14) . Additional secondary-structure predictions for TpLRR were made by use of the algorithm of Rost and Sander (36, 37 10 T. pallidum with the Ultraspec RNA isolation system (Cinna/ Biotecx Laboratories Inc., Houston, Tex.). Primer extension was performed as described previously (43) with primer LRR-primEX (Table 1) .
Construction and purification of a TpLRR-maltose-binding protein (MBP) fusion. The portion of lrr T. pallidum encoding the mature polypeptide was amplified from T. pallidum DNA by use of the primer pair LRR-5ЈE and LRR-3ЈB (Table 1 ) and directionally cloned into the EcoRI and BamHI sites of pMAL-c2. The resulting TpLRR-MBP fusion was purified with an amylose affinity resin and cleaved with Factor Xa as described in the manufacturer's instructions (New England Biolabs).
Immunologic reagents. To generate monospecific polyclonal antisera to MBP and the TpLRR-MBP fusion, two 6-week-old Sprague-Dawley rats were primed by intraperitoneal injection with 50 g of each purified protein in a 1:1 mixture of phosphate-buffered saline (PBS; pH 7.4)-Freund's complete adjuvant. This was followed 4 weeks later by two intraperitoneal boosts at 2-week intervals with 50 g of each antigen in a 1:1 mixture of PBS-incomplete Freund's adjuvant. A pool of human syphilitic serum was created by combining equal volumes of sera from five human immunodeficiency virus-seronegative individuals with classical dermatological manifestations of secondary syphilis and reactive nontreponemal and treponemal serological tests. Monoclonal antibody (MAb) H9-2, an immunoglobulin G1 isotype, is directed against T. pallidum FlaA, the endoflagellar sheath protein (21) . Rabbit antiserum to TpN60, the T. pallidum GroEL homolog, was generated against the purified antigen as described previously (18) .
Triton X-114 phase partitioning. T. pallidum (5 ϫ 10 9 ) was solubilized for 2 h in 1 ml of 2% Triton X-114 in PBS. The insoluble material was then removed by centrifugation for 15 min in a microcentrifuge, and the supernatant was phase separated as described previously (7). Additionally, 0.2 ml of a 10% Triton X-114 stock solution in PBS was added to 0.8 ml of factor Xa-cleaved TpLRR-MBP in PBS and phase partitioned. The proteins in the aqueous and detergent-enriched phases were concentrated by acetone precipitation prior to SDS-PAGE.
Localization of TpLRR in T. pallidum encapsulated in gel microdroplets. Freshly harvested treponemes were encapsulated in gel microdroplets consisting of 2% low-melting-temperature agarose as described previously (11). The gel microdroplets were then incubated with a 1:25 dilution of anti-TpLRR antiserum, 1 g of purified MAb H9-2, or a 1:50 dilution of rabbit anti-T. pallidum TpN60 in the presence of 0, 0.06, 0.10, or 0.15% Triton X-100. Following incubation with antibodies and washing, the encapsulated organisms were incubated with the appropriate fluorescein isothiocyanate-conjugated anti-immunoglobulin diluted 1:1,000. Labeled organisms were enumerated and photographed by dark-field and fluorescence microscopies.
SDS-PAGE and immunoblot analysis. Samples were boiled for 5 min in final sample buffer consisting of 62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 5% (vol/vol) 2-mercaptoethanol, and 0.001% bromophenol blue prior to electrophoresis through 2.4% stacking and 12.5% separating gels. Gels were then either stained with Coomassie brilliant blue or transferred electrophoretically to a 0.2-m-pore-size nitrocellulose membrane (Schleicher & Schuell, Inc., Keene, N.H.) for immunoblotting. Immunoblots were incubated with 1:200 dilutions of syphilitic sera or rat anti-TpLRR-MBP antiserum, followed by sequential incubations with 1:1,000 dilutions of goat anti-primary antibody-horseradish peroxi- 
dase and rabbit anti-goat-horseradish peroxidase conjugates (Zymed); they were then developed with 4-chloro-1-naphthol as the substrate. Nucleotide sequence accession number. The nucleotide sequence for the approximately 3 kb of T. pallidum DNA containing aat T. pallidum and lrr T. pallidum was assigned the GenBank accession number U73748.
RESULTS

Identification of a novel T. pallidum protein in isolated OMs.
We previously reported that T. pallidum OMs isolated by a plasmolysis-based fractionation procedure contained a group of uncharacterized treponemal polypeptides which were designated candidate rare OM proteins by virtue of the fact that they appeared to be highly enriched when compared to whole cells and PCs; among these was a doublet with an apparent molecular mass of 26 kDa (35) . The first 20 N-terminal amino acids of the lower component of the doublet were determined by automated Edman degradation (Fig. 1) . This sequence did not match any sequences in the protein or genetic databases, confirming that it was derived from a novel polypeptide. Eight amino acids of internal sequence also were obtained from a trypsin digestion product (Fig. 1) .
Genetic characterization of the protein.
Degenerate primers were designed based on the amino acid sequences described above (Table 1) . With these primers, a 275-bp fragment was PCR amplified from T. pallidum chromosomal DNA. Nucleotide sequence analysis of this fragment revealed that the coding sequences immediately downstream from primer LRR-5ЈNT and upstream from primer LRR-3ЈIN were exact matches for amino acids which had been identified by microsequencing but not included in the primers (Fig. 1 ). This finding confirmed that the PCR product was indeed derived from the gene encoding the protein of interest. The fragment was then used to screen a Lambda Zap II T. pallidum genomic library. Although a number of phage clones strongly hybridized with this probe, none could be excised as a plasmid. To circumvent this problem, the DNAs flanking the probe were amplified by longdistance PCR with DNA purified from one of the hybridizing Lambda Zap II clones. The resulting PCR products then were partially sequenced.
Two open reading frames (ORFs) were identified within the 3 kb which was sequenced. One ORF encoded a 47-kDa polypeptide with extremely high sequence similarity to the aspartate aminotransferase (AAT) of Bacillus circulans (P ϭ 1.8 ϫ 10
Ϫ71
); this gene and its corresponding protein were designated aat T. pallidum and TpAAT (data not shown). At a site 189 bp downstream of aat T. pallidum were a possible 70 promoter, a ribosomal binding site, and a 246-amino-acid ORF which encoded the protein identified in isolated OMs (Fig. 1) . Primer extension analysis also was performed to obtain evidence supporting the assignments of the translational start and control elements. As shown in Fig. 2 , the site of transcriptional initiation was mapped to a thymine located 46 bp upstream from the predicted translational start codon and 8 bp downstream from the Ϫ10 sequence of the putative promoter ( Fig.  1 and 2) . Consistent with the N-terminal amino acid sequence analysis, the first 25 amino acids of the ORF encoded a typical signal peptide consisting of a positive charge near the N-ter- minal methionine followed by a 15-amino-acid hydrophobic stretch and terminating with a consensus signal peptidase I cleavage site (31) . The predicted molecular mass of the mature protein, 23,916 Da, was in reasonably close agreement with its apparent molecular mass by SDS-PAGE (35) . The calculated pI of the mature protein was 9.6. A search of the GenBank database by both the FASTA and BLAST algorithms failed to identify homologies with any other T. pallidum proteins, including the recently described 28-kDa Tromp2 (9) and TmpB, an exported 34-kDa polypeptide with centrally located tandem repeats (45) . We also considered the possibility that this protein was identical to a previously described 24-kDa T. pallidum polypeptide which appears to be secreted when expressed in E. coli (20) . Although sequence information is not available for this molecule, the restriction maps for the genes encoding this protein and the subject of this report are different, enabling us to conclude that they encode different treponemal polypeptides. No stem-loop structures which could act as transcriptional terminators were identified after the translational stop codon, suggesting that lrr T. pallidum could be polycistronic. Interestingly, ORFs encoding polypeptides of 35, 35, and 31 amino acids, each preceded by a ribosomal binding site and in the same orientation as lrr T. pallidum , were identified within the approximately 500 bp of downstream DNA which was sequenced (data not shown). Additionally, the downstream DNA also contained in the opposite orientation a truncated ORF of 119 amino acids which did not match any sequences in the databases (data not shown).
Structural analysis and identification of LRR motifs. Visual inspection of the deduced amino acid sequence of the ORF suggested that it contained repetitive sequences; periodicity was readily apparent by matrix alignment (data not shown). More detailed analysis revealed that the periodicity was due to seven tandemly arranged 23-amino-acid repeats, followed by an eighth incomplete motif (Fig. 3A) . The consensus sequence for these repeats matched that for the LRR (Fig. 3A) , a motif which has been identified in a large number of eukaryotic and prokaryotic proteins with diverse functions and cellular locations (Fig. 3) (23) . The consensus LRR of the T. pallidum protein differed from the LRR superfamily consensus in that it contained a turn-promoting proline at position 8 (rather than a turn-promoting asparagine, cysteine, or threonine residue at position 10) as well as a cysteine at position 22 (Fig. 3A) . While it was possible to align the T. pallidum motif such that the cysteine residue at position 22 was in position 10, the overall alignment with the LRR superfamily consensus (23) was poorer and, most importantly, resulted in a predicted secondary structure, alpha-helix preceding beta-strand, which was the inverse of the secondary structure of the LRR of RNase inhibitor, the prototype for the superfamily (22, 23) . In contrast to the original BLAST search which utilized the entire protein sequence, a search restricted to a portion of TpLRR contain- (28) (Fig. 3B) . The low level of statistical significance is consistent with the degeneracy and variable number of LRR motifs among members of this superfamily (23) . Based upon these analyses, we have named this polypeptide T. pallidum LRR protein (TpLRR). TpLRR contains hydrophobic domains but is hydrophilic. Hydropathy analysis using the algorithm of Kyte and Doolittle (25) predicted that the mature portion of TpLRR contains several hydrophobic regions, although none was large enough to constitute a typical alpha-helical transmembrane domain (Fig. 4) . It was interesting to note that the hydrophobic peaks tended to correspond to the first eight amino acids of the LRRs; these are the regions predicted to adopt a beta-strand configuration (Fig. 3A) . Triton X-114 phase partitioning was performed to determine whether TpLRR possesses an amphiphilic or hydrophilic character. As shown in Fig. 5 , both native and recombinant TpLRR partitioned into the aqueous phase. A small amount of native TpLRR was detected in the Triton X-114-insoluble material.
TpLRR is predominantly associated with the periplasmic face of the PG-CM complex. Two approaches were used to determine the cellular location of native TpLRR. In one series of experiments, immunoblotting was used to estimate the relative abundance of TpLRR in pooled OMs and the pooled fractions containing cell bodies (PCs plus PG-CM complexes) (35) . OMs from 1.5 ϫ 10 9 organisms were required to obtain an immunoblot signal comparable in intensity to that obtained from 1.5 ϫ 10 8 cell bodies, a result suggesting that approximately 90% of the recovered TpLRR was in the latter fractions (Fig. 6) . Also noteworthy was that equivalent numbers of whole cells and cell bodies contained similar amounts of antigen (Fig. 6) , suggesting that little TpLRR was lost during fractionation.
To further clarify the cellular location of TpLRR, another series of experiments utilized a highly sensitive immunofluorescent assay which can distinguish surface-exposed from subsurface spirochetal proteins (10, 11) . In this assay, spirochetes encapsulated in low-melting-temperature agarose beads (gel microdroplets) are incubated with specific antibodies in the absence or presence of graded concentrations of Triton X-100. This technique has been shown to preserve the integrity of fragile T. pallidum OMs during surface immunolabeling studies, but it also enables the detection of intracellular antigens exposed by the graded concentrations of Triton X-100 (11). The labeling with the anti-TpLRR antiserum was very weak (Fig. 7) , corroborating the impression from the immunoblot analyses ( Fig. 5 and 6 ) that the cellular abundance of TpLRR is extremely low. Intact treponemes were not labeled by either anti-TpLRR antiserum (Fig. 7A) or the anti-FlaA MAb H9-2 (data not shown). In contrast, 34% of the organisms were labeled in the presence of 0.06% Triton X-100 (Fig. 7B) . As previously reported (11) , at this detergent concentration, all treponemes were labeled with the MAb H9-2 (Fig. 7E) , while only 3% were faintly labeled with antibodies against the cytosolic marker TpN60 (data not shown). Fifty-five percent and 98% of the encapsulated organisms were labeled by antiTpLRR antibodies when coincubated with 0.10 and 0.15% Triton X-100 ( Fig. 7C and D) , respectively, detergent concentrations which render TpN60 progressively more antibody accessible by extracting PG-CM complex components (Fig. 7F ) (11) . No fluorescence was observed at any detergent concentration with rat anti-MBP antiserum (data not shown).
Genomic mapping of lrr T. pallidum . Recently, Walker and coworkers (41) published a complete physical map of the T. pallidum genome. The availability of this map enabled us to establish the genomic location of lrr T. pallidum . The PCR-amplified structural gene was used to probe a nylon membrane containing T. pallidum DNA digested with a variety of rarecutting restriction enzymes. Consistent with lrr T. pallidum being present in a single copy, the probe hybridized with one fragment in each digest, the smallest being a 60-kb SfiI-SpeI fragment which also contains the rrnA and flaA genes (data not shown) (41) .
Antibody response to TpLRR during acquired syphilis. We previously showed by immunoblot analysis that candidate rare OM proteins react poorly with the anti-T. pallidum antibodies in human syphilitic sera, presumably because of their relatively low cellular abundances (35) . Consistent with this observation were findings by immunoblot analysis that the antibody re- sponse of secondary syphilis patients to purified recombinant TpLRR was relatively weak when compared to the responses induced by other well-characterized treponemal immunogens, particularly lipoproteins (Fig. 8) (2, 8, 15 ).
DISCUSSION
The discovery of T. pallidum rare OM proteins by freezefracture electron microscopy (34, 42) has spawned intensive efforts to develop strategies for molecular characterization of these morphological entities (32) . A major outcome of these endeavors has been the development of methods for fractionation of T. pallidum and isolation of OMs in quantities sufficient for microsequence analysis of protein constituents (5, 9, 35) . At the same time, the availability of these methods has exposed our rather limited inventory of T. pallidum cell envelope constituents (29) and, more importantly, the dearth of monospecific immunologic reagents for identifying bona fide OM proteins. In light of this dilemma, it has been necessary to devise criteria for identifying rare OM proteins based upon an amalgam of experimental data and the properties of OM proteins in conventional gram-negative bacteria (32) . These criteria include (i) extremely low cellular abundance, (ii) enrichment in isolated OMs, (iii) synthesis as a precursor with a leader peptide containing a signal peptidase I cleavage site, (iv) poor immunogenicity during syphilitic infection, (v) lack of long (i.e., Ն20-amino-acid) stretches of hydrophobic amino acids as typically found in cytoplasmic membrane proteins, (vi) amphiphilicity of the mature (i.e., processed) protein, and (vii) surface exposure. An unavoidable weakness of this highly empirical approach is that considerable effort may need to be expended on an individual protein before it can be determined whether it fulfills these criteria.
The 26-kDa protein described in this report initially was selected for molecular characterization by virtue of the fact that it appeared to be highly enriched in isolated OMs examined by SDS-PAGE and silver staining (35) . Microsequence analysis of its N terminus provided further support for this selection. Because prokaryotic lipoproteins have fatty acids linked by amide to their N-terminal cysteines and, therefore, are blocked to Edman degradation (44) , it was concluded that TpLRR was not lipid modified. Subsequent genetic analysis provided further evidence that TpLRR is synthesized with a leader peptide containing a signal peptidase I site; primer extension analysis corroborated this critical point by showing that the translational start was correctly assigned. Also encouraging were the findings that the mature protein does not contain large hydrophobic domains, is not abundant in T. pallidum whole-cell lysates, and induces a weak antibody response in secondary syphilis patients. Nevertheless, Triton X-114 phase partitioning revealed that TpLRR is hydrophilic, a property inconsistent with its being an integral membrane protein, and localization studies showed that the protein is not surface exposed and that it is predominantly associated with the periplasmic face of the PG-CM complex.
In members of the family Enterobacteriaceae, processed, hydrophilic proteins usually are either secreted or soluble within the periplasm (31) . Although T. pallidum has been reported to secrete low-molecular-mass soluble proteins (40) , there is no evidence that TpLRR is secreted by viable treponemes (20, 38) . Moreover, two types of cellular localization studies demonstrated that TpLRR is not freely soluble in the periplasm. Immunoblot analysis showed that the antigen remained physically associated with the separately pooled fractions containing PG-CM complexes and OMs. The fact that similar amounts of antigen were detected in equivalent numbers of whole cells and PG-CM complexes strongly argues against the likelihood that most of the antigen was lost during the fractionation procedure. These fractionation results were complemented by immunofluorescent analysis of treponemes in gel microdroplets (10, 11) . In addition to demonstrating its ability to detect low-abundance antigens, experiments with this technique confirmed that TpLRR is periplasmic by virtue of the fact that it became accessible to antibodies under conditions which selectively expose the periplasmic compartment (11) . Interestingly, however, in contrast to FlaA, only a minority of organisms were immunolabeled under conditions in which the OM was selectively solubilized. Labeling of the entire treponemal population required detergent concentrations which extract PG-CM constituents (10, 11) , a result indicating that most of the antigen interacts strongly with these subsurface components of the cell envelope.
Presently, we envision two mutually exclusive explanations for the finding that a small proportion of TpLRR was recovered in isolated OMs. The first is that the OM-associated portion of TpLRR represents contamination from the periplasm and/or PG-CM complex. In our initial publication describing the plasmolysis-based fractionation procedure (35), we reported that isolated OMs contain known periplasmic and CM constituents (e.g., endoflagella and lipoproteins, respectively). Blanco and coworkers (5) made the same observation with a different fractionation procedure. Although these contaminants represent extremely small amounts of protein, they appear to be major OM constituents when relatively large amounts of OMs are examined by gel electrophoresis and compared to whole cells and protoplasmic cylinders. Distinguishing between contaminants and authentic OM proteins becomes even more problematic in the case of previously uncharacterized low-abundance treponemal proteins. TpLRR is not the only example of a PG-CM constituent which may have been misidentified as a rare OM protein. Although the 31-kDa protein designated Tromp1 was reported to be an OM protein with porin activity (4), more recent findings indicate that it is the binding component of an ABC transporter and is anchored to the CM by an uncleaved leader peptide (1, 17) .
An alternative explanation is that some TpLRR, presumably the subpopulation which is most exposed within the periplasmic space, interacts physically with the underside of the T. pallidum OM. The discovery that TpLRR is a member of the LRR superfamily could be of relevance in this regard. Interestingly, to the best of our knowledge, TpLRR is the first prokaryotic member of the LRR superfamily to be localized to the periplasmic space. Although the extended amphipathic surface created by the LRR motifs is usually thought of as promoting strong hydrophobic interactions between proteins, these motifs also can bind to phospholipid vesicles and even integrate into lipid bilayers (24) . Thus, it is plausible that the LRRs of TpLRR create hydrophobic pockets capable of partially integrating into the T. pallidum OM. In such a case, a portion of TpLRR molecules would colocalize with OMs during fractionation. We plan to test this notion in the near future by examining whether synthetic peptides based upon the TpLRR motifs bind to lipid vesicles whose composition reproduces that of isolated T. pallidum OMs (35) .
